Acoustic parameters were measured for vowels spoken in/hVd/context by four postlingually deafened recipients of multichannel (Incraid) cochlear implants. Three of the subjects became totally deaf in adulthood after varying periods of partial hearing loss; the fourth became totally deaf at age four. The subjects received different degrees of perceptual benefit from the prosthesis. Recordings were made before, and at intervals following speech processor activation. The measured parameters included F 1, F2, F0, SPL, duration, and amplitude difference between the first two harmonic peaks in the log magnitude spectrum (H 1-H 2). Numerous changes in parameter values were observed from pre-to post-implant, with differences among subjects. Many changes, but not all, were in the direction of normafive data, and most changes were consistent with hypotheses about relations among the parameters. Some of the changes tended to enhance phonemic contrasts; others had the opposite effect. For three subjects, H 1-H 2 changed in a direction consistent with measurements of their average air flow when reading; that relation was more complex for the fourth subject. The results are interpreted with respect to: characteristics of the individual subjects, including vowel identification scores; mechanical interactions among glottal and supraglottal articulations; and hypotheses about the role of auditory feedback in the control of speech production. Almost all the observed differences could be attributed to changes in the average settings of speaking rate, F0 and SPL, which presumably can be perceived without the need for spectral place information. Some observed F2 realignment may be attributable to the reception of spectral cues.
INTRODUCTION
This paper reports on vowel production in four patients before and after they received four-channel Incraid cochlear implants (Youngblood and Robinson, 1988 ). This study is one of a series designed to explore the effects on speech production of restoring some hearing to postlingually deafened adults. The long-term goals of this work are ( 1 ) to contribute to the evaluation ofeochlear prostheses and (2) to clarify the role of auditory feedback in the control of adult speech production. A previous study reported on the speech breathing of three of the four subjects in the present experiment. properties; notably, voice quality, voicing, aspiration, pitch, intonation, stress, tempo, nasality and fricative and plosive articulation. However, there is wide variation in the reported speech anomalies introduced by profound deafening and in the consequences of reintroducing some hearing. The picture is clouded by the varying measures employed--ratings, transcriptions, and acoustic parameters; and, in some studies, by the experimenters' knowledge of their patients' auditory capacities and the concomitant use of speech therapy" (pp. 860-861 ).
Lane and Webster's own subjects were three postlingually deafened adults (different from the current subjects) who had not received speech therapy. In comparison to ageand gender-matched hearing controls, they were found to have more variable and higher segmental and suprasegmental F0, decreased speaking rate, reduced differentiation between palatal and alveolar voiceless fricatives, and reduced differentiation with respect to place of articulation in the spectra of voiced and voiceless plosive release bursts. report on measures of speech breathing of three of the current subjects who read a paragraph during the same recording sessions used for this investiga-tion of each speaker's cochlear prosthesis was followed by a significant change in average airflow during reading, which rose for the two subjects (called FA and FB in this report) with initially low airflow and fell for the one subject (MA) with a much higher average airflow pre-implant. These changes in average airflow were accompanied by corresponding changes in volume of air expended per syllable. It was suggested that the findings were due to changes in laryngeal valving as well as respiratory driving force.
A. Theoretical overview
On the one hand, speech deteriorates after prolonged profound deafening in adulthood, and the feintreduction of some self-hearing is followed by more normal speech respiration. On the other hand, most of the changes induced by deafening concern speech quality; the subject's overall ability to speak, and usually to speak rather intelligibly is not usually undermined (Cowie and Douglas-Cowie, 1983;  Goehl and Kaufman, 1984). Based in part on such background, we hypothesize that, in normally hearing adults, speech production mechanisms use nonauditory afferent information for their moment-to-moment function. The development and maturation of production mechanisms rely heavily on the use of auditory feedback; after maturation, however, the moment-to-moment function of production mechanisms is largely independent of auditory feedback (Lane and Tranel, 1971 ). Hearing can be considered to have two major roles in maintaining the communicative effectiveness of these mechanisms in adults. ( 1 ) Self hearing helps to calibrate production mechanisms by monitoring relations between the speaker's own articulations and his/her acoustic output. This calibration is performed in the face of numerous perturbations, ranging from adjustments in the speaker's body posture to changing listener demands. (2) The speaker can also validate his acoustic output by observing the behavior of his listeners and by detecting discrepancies between his own speech and theirs. Thus validation is carried out with reference to the social environment.
Following the loss of hearing in adulthood, differential deterioration of speech parameters occurs at different rates, depending on such factors as mechanical constraints and the required precision of particular articulations, as well as the availability of alternative sources of calibrating information. In spite of the fact that the deteriorating speech may be intelligible under most circumstances, it will be characterized by anomalies. Some anomalies may be subtle, but very revealing about the role of auditory feedback (cf. Lane and Webster, 1991).
Reintroduction of"auditory" input with electrical stimulation of the eighth nerve (i.e., from activation of the processor of a cochlear implant) should result in changes in speech production. The nature of those changes will depend on many factors, including the type of information derived from the stimulation; how well the patient can make use of that information; the speaker's artieulatory adaptation to prolonged, profound deafness; differential dependence of speech characteristics on alternative feedback modalities in the deafened condition; and interdependencies among speech parameters.
B. Hypotheses
As described in detail below, we made longitudinal measurements on productions of nine different vowels in/hVd/ context, recorded before and after activation of the speech processor of a cochlear implant. Parameters measured were F 1, F2, F0, SPL, duration, and an indirect index of glottal aperture (H 1-H 2). We also had available longitudinal mea-Interdependencies among production parameters. The measured parameters are not independent of one another. For example, there may be related changes in F0 and SPL because both parameters can be influenced in part by the same glottal adjustments or by subglottal pressure. Or there might be a relation between duration and F 1 for low vowels, because at higher speaking rates there is less time for the tongue body to reach a maximally lowered position (cf. Lindblom, 1963) .
Relatit•e timing of changes in different parameters. Different parameters or groups of parameters could change at different rates following processor activation, depending on several factors such as: degree of parameter abnormality preimplant, allowable variation in the parameter given phoneme contrasts, and degree of reliance on the new "auditory" input for parameter calibration (as opposed to continued reliance on alternative modalities such as tactile and proprioceptive feedback).
II. METHODS
Cochlear implant patients are not a homogeneous group. In the first place, many speech parameters of males and females have different baseline values. Furthermore, each cochlear-implant patient in our study (like the deaf subjects of Lane and Webster, 1991 ) had a distinct configuration of speech anomalies pre-aetivation--partly the result, no doubt, of their different histories of profound, prolonged deafness and their adaptation to it. Moreover, each of our patients had a unique processor tuning and configuration of electrodes along the length of the cochlea. Finally, vowel productions may vary considerably and still be perceived as intended; thus, achieving precise vowel targets may be less critical to some speakers than others. We should expect then, that for most parameters, each subject will respond to stimulation differently. Consequently, we have adopted a singlesubject longitudinal design which is replicated with four different subjects spanning both genders, a range of perceptual benefit from their prostheses, and diverse etiologies and ages at initial hearing loss. Findings are discussed separately and statistical tests are conducted separately for each subject. Despite the differences among patients, it proves possible to discern common patterns--for example, trends toward normal mean parameter values where their prostimulation values were abnormal.
A. Implant characteristics, subjects, and speech materials The Incraid cochlear implant (Richards Medical Co.) consists of an implanted electrode array, a percutaneous pedestal and connector, and an external sound processor (Eddington, 1983; Youngblood and Robinson, 1988 ). The sound processor has an ear level microphone, a wideband automatic gain control, and a four-channel overlapping bandpass filter system with crossover frequencies of approximately 0.7, 1.4, and 2.3 kHz. The four analog filter outputs are delivered (via the percutaneous connector) individually to four monopolar intracochlear electrodes, with a common return electrode. The electrodes, spaced approximately 4 mm apart, were successfully positioned in all subjects by insertion into the scala tympani through the round window, with the first placed most apically, some 22 mm from the round window. Gain controls include user adjustments for input sensitivity and volume, and channel specific gains that are set (internally) for each subject. All four subjects had pure tone average losses greater than 110 dB in each ear prior to implant; they derived no benefit from amplification and performed at chance levels on auditory tests of closed-set word recognition. The most recent post-stimulation values on a test of auditory four-vowel, forced-choice identification are shown in Table I . (Longitudinal values from this test are plotted in Fig. 6 and discussed belo• in Sec. III B 2. ) Subjects FA, FB, and MA perform substantially above chance on this test; these three subjects have continued to use their prostheses regularly. Subject MB, however, received no measurable perceptual benefit from the implant. He gradually decreased his use of the prosthesis over the two years following processor activation, using it only at work toward the end of this period. After two years, he ceased using it altogether.
If there are abrupt changes in MB's speech parameters associated with activation of the processor, this would suggest that changes in speech production may be a more sensitive indicator of perceptual capabilities than speech discrimination tests, and that such changes may occur in response to relatively gross properties of the speech waveform, such as SPL. Thus MB is a type of control subject, in that systematic production changes in the absence of measured perceptual benefit provide terms of comparison for the interpretation of those changes in the more usual case of significantly enhanced speech discrimination following processor activation.
B. Recording and calibration procedures
The subject was seated in a comfortable chair in a sound-attenuating room. A small electrot microphone, attathod with a stiff wire to a headband, was placed at a fixed distance of 20 cm from the subject's lips?
The utterance materials were projected on a screen located several feet in front of the subject. For calibration of sound-pressure level, a sound source (electrolarynx) was placed in front of the subject's lips, while an experimenter observed the sound pressure level (C scale) on a sound level meter held next to the electrot microphone. The sound-pressure signal was recorded on an instrumentation recorder (either a Honeywell 5600E or a TEAC RD 111T PCM recorder).
C. Signal processing and data analysis
Digitization and signal processing. The recorded signal was low-pass filtered and digitized at 10 kHz. Digitization, signal processing and interactive data extraction were performed with procedures written in the MITSYN languages (Henke, 1989; Perkell et aL, 1991} running on a Digital Equipment Corporation engineering workstation.
Data extraction and analysis A command procedure, implemented with a MITSYN Command Language script, was developed to facilitate data extraction and calculation of a number of derived parameters. Its function is described in Perkell ( 1991 ) .
For this report, we have performed graphical and statistical analyses of several variables. The frequency ofF1 and F2, $PL, and H I-H2 were determined at the mid-vowel point, using a 51.2-ms window for calculating acoustic spectra and SPL. The parameter H 1 -H 2 (the amplitude difference between the first two harmonics in the acoustic spectrum) is an indicator of the degree to which the glottal airflow waveform tends to be sinusoidal in shape. There is There were pro-to post-activation differences in average parameter values that indicate overall changes in average formant values, SPL, F0 and speaking rate and reflect changes in the settings of the underlying physiological mechanisms that control them; we will refer to these as "postural" changes. Pro-to post-activation differences for individual vowels reveal changes in patterns of contrast of parameters such as duration and formant frequencies. I•owelspace. Table II shows that, averaged across all the vowels, F 1 decreased pre-to post-activation in all subjects; the drop for FA was not statistically reliable, however. Average F2 decreased for FA and MB, and increased for FB and MA; the latter change was not statistically reliable. TABLE lI. Parameter values (rows) for each subject (columns), along with the results of cross-vowel correlations with normatire data. Mean values in the cells were averaged, across six tokens and nine vowels, over the two pre-or the last two post-activation sessions (N = 54 ). An asterisk below the difference value indicates a significant difference due to activation (p < 0.05) according to a repeated measures ANOVA. For the first five parameters, r values are shown (when significant at p < 0.05) from product moment correlations of pre-and post-activation mean values with normatire values from the literature (Peterson and Barney, 1952 Table II ).
The effect of processor activation on the second formant was different from its effect on F 1. Three of the four speakers showed significant F2 changes, and these were toward P&B values. This F2 realignment took place mainly among the front vowels. For FA, the front vowels, incorrectly ordered on F2 initially, were correctly ordered post-activation and their average deviation from the P&B values had decreased 15%. For FB, the decrease was 56%. For MB an apparent increase in congruence with P&B values (see r values in Table II) is due to the large decrease in F 2 for/a/; however, his pre-activation pronunciations of the stimulus word did not sound consistently like the target word "hod". For FA and FB, the back vowels changed little in the direction of the P&B values, in spite of considerable differences from those normatire mean values in their pre-activation data.
The highlights of the formant changes are as follows: compression of F 1 range and movement toward normatire mean values ofF2 in the front vowels for some subjects.
Durations. All four subjects decreased average vowel duration from pre-to post-activation but the drop was statistically reliable only for FB and MA (see Table II ). These P&B values pro-activation; those relations were not significant post-activation (see Table II ). Thus, congruence with the P&B pattern diminished for MB and MA; in the figure, it appears that this decrease in congruence is mainly due to a paradoxical lowering ofF0 for the vowel/u/.
To summarize: one subject with abnormally high F0 lowered it significantly post activation. All subjects had exaggerated intrinsic F0 differences among vowels pro-and post-implant, although visual inspection of the plots suggests a slight post-implant diminution of the exaggerated intrinsic F0 differences. The congruence with the normarive pattern decreased for the two male subjects, post-activation.
SPL. Averaged across all vowels, SPL decreased for each of the four subjects (Table II over the vowel set pre-and post-activation are not plotted here, since the measurable set was severely reduced by the restriction that H2 cannot be within 150 Hz off 1 (see Sec.
II C).
Summary of parameter changea Table III 
Trends in vowel acoustic parameters and average air flow
In order to compare the timing of parameter changes with one another, we used the following procedure to determine the time when each parameter arrived within a heuristically defined "post-activation range," viz, when it attained a value in the range between the last two post-activation session means. For each subject, when an acoustic parameter changed pre-to post-activation (p < 0.05), we generated a plot of mean values versus time corresponding to a panel in Fig. 5 , and fit the data with a smooth curve such that the influence of neighboring points decreases exponentially with distance (McLain, 1974) . We considered the parameter to have changed when its smoothed curve entered the postactivation range. (Admittedly, the degree of smoothing can influence these determinations.) Since MB showed no perceptual benefit, no significant change in two of the acoustic parameters and great variability pre-activation in two others (SPL and H 1 -H 2), his trends have not been included in this analysis. Table IV shows the results of these determinations. The rows correspond to the parameters. For each subject, there are two columns; the left column lists the approximate time of change (in weeks), and the right column lists a elassiftcation, "S" for slowly changing, "R" for rapidly changing. As it turned out, each subject's data were sufficiently bimodal to allow this categorizing unequivocally.
Examination of Table IV leads to the following observa- Fig. 5 . Except for MA, whose SPL change was the smallest, the trends for SPL and H 1-H 2 approximately mirrored one another: As SPL dropped, H I-H 2 increased. The trends for SPL and F0 were similar to one another for all four subjects, regardless of whether change was significant. Thus, if MA's relatively small SPL change is excluded, there was a general tendency for SPL, H I-H2, flow and F0 to group together.
For MB, the relative time courses ofH 1 -H 2 (Fig. 5 , row 6) and average air flow (Fig. 5, row 7) 
subjects, and it strongly reinforces the observation that MB's relation between flow and H 1-H 2 was different from the
other three subjects. We will speculate below that the apparently paradoxical flow decrease with a spread glottis was due to a large drop in subglottal air pressure, which is consistent with the low flow reading (and the F0 decrease).
Comparison with vowel identification measures
The first row of 
C. Relations among parameters and underlying mechanisms
In the previous two sections, we observed changes preto post-activation in averages of the measured parameters; changes in patterns of contrast among vowels; and differences in the timing of changes for groups of interrelated parameters. When processor activation causes a speaker to make physiological adjustments to the speech production mechanism, the consequences for acoustic speech parameters are complex because one active articulatory change (e.g., shorter syllables) often entrains others (e.g., less open vowels). If the speaker simultaneously seeks to maximize phonemic contrasts that she or he can now discriminate aurally (e.g., short versas long vowels), the implementation of this phonemic goal will be superimposed on the other active TABLE V. Correlations between pairs of acoustic parameters. Each row corresponds to a parameter pair for which patterns of significant correlations were found among the subjects. There are three columns for each subject. The first column indicates the results of the longitudinal correlation. The second and third columns indicate the results of the within-condition pre-and post-activation correlations. Each within-condition correlation was calculated from mean values for the vowels, averaged over six tokens of each vowel. The numbos in the cells arc r values of significant product-moment correlations. An empty cell indicates that there was no significant correlation. Table V. The diagram in Fig. 7 reflects the strong hypothesis that almost all of the observed parameter changes following processor activation in this research are due to changes in the postural settings of physiological mechanisms regulating speaking rate, F0 and SPL. Those three parameters should be readily perceived by cochlear implant patients in their own speech and in the speech of others without resorting to spectral place information. According to the diagram, changes in glottal aperture are made mostly to assist in implementing SPL changes, and not to adjust voice quality in response to perceived spectral imbalance (i.e., an abnormal degree of breathiness). Changes in F 1 are a consequence of rate changes; since those changes compress the F 1 range, they are unlikely to have been made actively in response to perceived F 1 abnormality. We hypothesize that the only spectrally specific changes we have observed are in F2, as evidenced mainly by FA, to a lesser extent by FB and perhaps by MA. Those changes (and small tongue posture changes underlying average F2 differences) are not represented in the diagram. We interpret the retention of the exaggerated tense-lax durational contrast as evidence that the spectral information being delivered by the prosthesis did not provide sufficient vowel space differentiation for the subjects to abandon the exaggerated length contrast in their vowel productions.
In the remainder of this section, the hypotheses represented in Fig. 7 are explained in detail, and the results shown in Table V Fig. 7) (cf. Lindblom, 1963 ). This mechanism implies a prediction of a positive longitudinal correlation between duration and F1 (row I in Table V) , and there were significant, weak longitudinal correlations between duration and F 1 for all four subjects. The expression of the long-short contrast (in which each length category, long and short, includes both high and low vowels) should reduce the positive correlation between duration and F 1 within sessions, but not between them. With one exception, there were no significant within-session correlations of duration and F 1. The exception was a pre-activation positive correlation for FA. Her duration data in Fig. 3 show that, pre-activation, the vowels /i/and/u/, with low F 1, group abnormally with the short vowels, thus establishing the positive correlation of F 1 and duration.
b. F1 and FO. An increase in tongue height may lead to increased tension on the vocal folds because of anterior "tongue pull," i.e., contraction of the posterior genioglossus which is transmitted to the thyroid cartilage, with a resulting increase in F0 (cf. Honda, 1983-•level C in Fig. 7) . This mechanism could result in negative longitudinal and withincondition correlations between F 1 and F0. Indeed, significant negative correlations were found within all pre-and post-activation conditions as well as across sessions for all four subjects, with the single exception of the post-activation condition for MA (Table V, row 2) . For all four subjects, the correlation was slightly weaker post-activation than pre-activation, and it was weaker for the males than for the females. (The finding that MA did not have a significant postactivation correlation off I and F0 may be due to his marked post-activation compression of the range off 1--see above).
These within-condition results, along with our observations about the height-related pattern of intrinsic FO, suggest the following account. Without auditory input, the observed exaggerated pattern of intrinsic F0 is due largely to tongue pull, which is greater for high vowels than low vowels (of. Honda, 1983) . Following processor activation, a number of changes took place (discussed further below); one effect of those changes was to reduce exaggerated intrinsic F0 differenees among vowels, i.e., to interfere somewhat with the tongue-pull mechanism. This explanation does not preclude the possibility of some active regulation to moderate F0 differences among the vowels: In order to enhance the perception of height distinctions, speakers may raise F0 for high vowels to minimize the distance between F0 and F 1 (Trannfhuller, 1981 ) with active use of the crieothyroid muscles (cf. Vilkman etaL, 1989). Thus active control when hearing is available may be superimposed on the mechanical infrastructure of the tongue-pull mechanism.
Taking F 1 as an indirect index of tongue pull, we interpret the correlation coefficients in row 2, Table V as showing that the effect on F0 of varying tongue pull across sessions is weaker than the effect of varying tongue pull across vowels within a session. In the longitudinal correlations, the changes in average F 1 were induced by rate changes; in the within-condition correlations, by differences in vowel height. Fig. 7 ; row 3 in Table  V} . The data of Peterson and Lehiste (1960) in Fig. 3 show that low, more-open vowels are longer than high vowels. The combination of the above hypotheses about the relation between duration and tongue height (levels A-B) and tongue height and F0 (levels B-C) leads to a prediction of a negative correlation between duration and F0: in contrast to high vowels, the production of low, more open, longer vowels should exert less tension on the vocal folds (via less anterior pull on the thyroid cartilage) and a resulting lower F0. Because this effect spans two mechanisms, it should be expressed weakly. FA, FB, and MA indeed had negative postactivation correlations of duration and F0, and FA had a negative pre-aetivation correlation as well. FB and MA also had weak negative longitudinal correlations between F0 and duration, reinforcing the notion that tongue-pull may have an influence on average F0. FA's lack of a negative longitudinal correlation may be related to her large, purposeful, longitudinal F0 decrease (along with an $PL decrease), which predominated over the indirect mechanical influence on average F0. For FA and FB, the correlations between duration and F0 were not as strong as between F 1 and F0, presumably because of partial interference from the long-short contrast (for the within-condition correlations) and the fact that the relation between duration and F0 encompasses two mechanisms. MB did not show significant correlations between F0 and duration, probably because he was the subject who showed the most extreme contrast between long and short vowel durations, which he alone had both pre-and post-activation (see Fig. 2 above). 
c. Duration and FO {Leoels A-C in

Relations involving H I-H •, SPL, and flow c• HI-H2 and $PL {Table g,, row 4}. A spread glottis
(indicated by higher values of H 1-H 2 } results in a more sinusoidal glottal airflow waveform with a spectrum that has decreased energy at high frequencies and increased formant bandwidths. There may be increased coupling to subglottal resonances, with an accompanying damping off I (Fig. 7,  level E) . Thus we expect a negative correlation between SPL and H I-H 2. There were negative longitudinal correlations of H I-H2 and SPL for all four subjects. FA, FB, and MB presumably increased glottal aperture, along with decreasing subglottal pressure, in order to achieve their significant SPL decrements pre-to post-activation. MA's longitudinal correlation between these two parameters was the weakest among the four subjects. In comparison to the other three, his net $PL decrement was much smaller and he was the only one to decrease airflow pre-to post-activation.
A within-condition negative correlation ofH 1-H 2 and SPL suggests that cross-vowel SPL differences might be mediated in part by differences in glottal aperture (which may be in turn influenced by height-related tongue pull, as implied by the chain of mechanisms in Fig. 7 ). FB and MA each had a negative pre-activation correlation and FB also had a post-activation negative correlation between H 1-H 2 and SPL. These findings lead us to speculate that the mechanically mediated relation between vowel height and F0 (above} may also include some effect on SPL: increased tension on the vocal folds may tend to adduet them somewhat, increasing SPL slightly. The correlation between H l-H2 and SPL diminishes when F0 is actively controlled, as ap- Fig. 3 . The lower the vowel, the greater the SPL, which implies a positive correlation between F 1 and SPL. This expected outcome was observed in both longitudinal and within-condition correlations. Both male subjects had positive pro-and post-activation correlations between F 1 and SPL, as did the females pre-activation. On the other hand, FA had a negative post-activation correlation and FB had no significant correlation post-activation. These results are consistent with the observation made above that postactivation, both female subjects produced the more open vowels with intensity levels that were abnormally low in relation to levels for the high vowels; whereas the male subjects had more "normal" patterns both pro-and post-activation. c. Hl-H2 and flow {leoel E in Fig. 7 ; row 6 in Table V} 
Summary and implications of relations among the parameters
The correlation results support the overview schematized in Fig. 7 . There is a set of mechanically mediated effects among vowel durations, tongue height, and tension on the vocal folds; and a set of relations among subglottal pressure, glottal aperture, airflow, and coupling to subglottal resonances. The former set of effects can influence longitudinal and cross-vowel relations among duration, F 1, F0; the latter can influence relations between H 1-H 2 and SPL. The two sets may be linked, but more work is needed to explore such a linkage. Relations between pairs of parameters can also be influenced by segment-specific control over vowel length (to enhance the tense-lax contrast). We speculate that the observed diminution of exaggerated intrinsic F0 differences was due to interference with the underlying tongue-pull mechanism by direct control over the laryngeal configuration in changing the postural setting ofF0 and/or SPL. Implant-induced changes in the postural settings underlying speaking rate, average F0 and SPL can also influence other relations among the parameters, not only longitudinally, but across vowels, within conditions.
IV. DISCUSSION
There were pre-activation abnormalities of average parameter values and patterns of contrast. For several reasons (including a paucity of directly comparable normafive data and variation in the normafive data that can be cited), it is difficult to quantify the degree of abnormality of the measured parameters; however, a number of observations support the hypothesis that there were abnormalities in the preimplant speech of the subjects. FB had low average airflow, low H 1-H 2 and exaggerated patterns of intrinsic F0 and tense-lax durational differences. FA was similar to FB preactivation, with the addition of an abnormally high average F0, an irregular pattern of F2 for the front vowels and a somewhat aberrant cross-vowel pattern of durations. MA had an abnormally high average F0, somewhat irregular patterns of intrinsic F0 and F2, and an aberrant pattern of durations. MB had a high average F0, a compressed range off 1, a compressed range and somewhat irregular pattern of F2, and exaggerated patterns of intrinsic F0 and tense-lax durational contrast. The F 0 values for MA and MB are consistent with the report ofLeder etal. (1987) that postlingually deafened men with profound sensorineural losses bilaterally had a higher fundamental frequency when reading than normally hearing age-matched men. Although formal tests of intelligibility have not yet been conducted, we observed that the speech of our four subjects sounded abnormal; the two women were nevertheless quite intelligible, while the two men, with earlier hearing losses, were much less intelligible.
These observations give the impression that the relatively poor intelligibility of the speech of the male subjects was reflected in a higher degree of abnormality of the measured parameters. This possible difference in degree of abnormality may be due to age at onset of a linguistically limiting degree of hearing loss (see Cowie and Douglas-Cowie, 1983; Cowie etal., 1988), although additional measures on a larger number of subjects would be needed to support such a suggestion.
Our data only enable us to begin exploring relations between perceptual gains and changes in production, and the initial picture that emerges is complex. The changes made in average duration (decreased in all subjects, significantly in two of the four), F0 (decreased in FA ) and SPL (decreased in all subjects) suggest that the subjects were attempting to correct "discrepancies" that they detected between these characteristics of their own speech and the speech of those around them. It is noteworthy that MB changed all three of these parameters toward normafive mean values, in spite of receiving no benefit, as measured by vowel identification tests. These three parameters should be easily perceived with relatively undifferentiated input from a cochlear prosthesis, without the use of spectral place information. Following the reasoning in the previous section, we speculate that changes in average values of F 1 follow from durational changes. Changes in H 1-H 2 and flow were most likely made in the course of implementing the observed changes in F 0 and SPL. Such changes were least pronounced for MA. His decrease in average duration served to compress the range of an initially aberrant pattern of durations among vowels, and he did not change average F0 in spite of a relatively high preactivation value. The good perceptual benefit MA received from his implant might have been responsible for his slight F 2 normalization; however, most characteristics of his vowel production did not seem to improve and might have deteriorated somewhat. The same conclusion can be drawn about MB's speech production changes, although such a result is not surprising in view of his lack of perceptual benefit and eventual nonuse of the implant.
For subject FA, an information transfer analysis showed good results for reception of F2 information: over her three most recent tests, the average information received was 75.2% for F2 (Rabinowitz etak, 1991 ) . The measure was obtained as follows: Eight vowels uttered by one male speaker three times each were presented on 720 trials in all for identification without feedback. The confusion matrix was collapsed to a single binary contrast--high versus low F2 (the range was from 0.92 to 1.9 kHz; note that the crossover frequency between channels 2 and 3 of the implant was 1.4 kHz). An information transmission of 75 % corresponds to an error rate for confusions across the two groups of (four) high-and 1ow-F 2 vowels of less than 5 %. This finding reinforces our observation that there was a relation between perceptual gain from the implant and the normalization of F 2 values for FA. FA's realignment ofF2 provides the most convincing evidence in this study of specific changes in speech production that might be related to gains in perception from the use of spectral place information and that could also enhance vowel contrasts. Like FA, the subjects of Svirsky and Tobey ( 1991 ) Like MA and MB, the subject ofTartter et al. (1989) was deafened in childhood. Following activation of her mul6channel implant at age sixteen, she had lower F 1, shorter stressed syllables and lower F0, all consistent with changes observed in our subjects and the view schematized in Fig. 7 . She also had a paradoxical reduction in her acoustic vowel space, consistent with the differences among our subjects in suggesting that age at deafening is an important factor in governing speech production responses to stimulation from a eochlear implant.
Thus we speculate that production gains are gooerned at least as much by prior linguistic experience as by perceptual gains. One interpretation of our results is that the four subjects were using their newly acquired auditory feedback to recalibrate pre-existing but somewhat degraded internal models of the relation between their production routines and the resulting acoustics. In the case of MA and MB, the model was never fully developed in the first place, so their postactivation speech could not readily improve with respect to normatire mean values. For them, post-activation normalization of their speech patterns might have been somewhat like learning a second language in adulthood with relatively impoverished (or for MB, virtually useless) auditory feedback. The fact that MB's changed speech patterns penmisted after a year of nonuse of the prosthesis supports the idea that such motor patterns (including relatively unproductive ones) are largely independent of auditory feedback for their moment-to-moment function.
A major finding of this study is the large degree of interdependency among production parameters. Vowel production changes are likely to be influenced not only by perceptual gains and age at deafening, but also by: (1) mechanically mediated relations among durations, F 1 and F0; (2) aerodynamically and acoustically mediated relations among flow, SPL and H 1-H 2; (3) parameter interactions with postural changes underlying speaking rate, average F0 and SPL; and (4) strategies for enhancing or maintaining specific contrasts, e.g., exaggerating durational differences between tense and lax vowels.
We also found that there couM be differences in the relative timing of changes in different parameters. There appears to be separate control over changes in respiration and laryngeal postural mechanisms on one hand, and duration and formants on the other. The relative rates of change of those two groups of parameters can differ among subjects, but our data are still too sparse to provide meaningful information about the factors that may govern those rates.
V. CONCLUSIONS
There were trends toward normafive patterns among the two female. subjects, who were deafened in adulthood, but generally not among the two males, who were deafened in childhood. The two female subjects have less pressed voices (H I-H 2 is higher); their flow is more normal; their formant spaces have better structure along the F2 dimension; their rate is up and their level down. To some extent their more normal speech may be due to their newfound ability to hear others and to compare the (distorted) sound of their own speech with the (distorted) information about the speech of others, allowing them to validate articulatory routines so that their speech sounds more "right" to them.
Speakers respond differently to deafening, so a common tendency toward normalization requires them to respond differently to processor activation. The women had pressed voices, so more airflow and breathiness is a trend toward normal; MA had much higher rates of flow and breathiness, which fell with processor activation.
The male subjects' early deafening and MB's lack of perceptual benefit complicate the picture since the pre-deafening routines they are trying to recalibrate may be faulty in the first place, and MB's post-activation stimulation was apparently of little use to him.
There are mechanical interactions among adjustments, and the adjustments may not always be accomplished in the best ways. Thus higher rate--a trend toward normal--may lead to compression of the vowel space--a trend away from normal. MA decreased segment duration but failed to make additional adjustments to restore duration contrasts between tense and lax vowels.
The general pattern of relationships among speech parameter values proved to be consistent with a model of speech production in cochlear implant patients which has three interacting components. First, patients discriminate relatively gross properties of the speech waveform such as rate, F0 and SPL and make postural adjustments regulating the corresponding speech parameters. Second, those adjustments operate on a mechanism with complex interdependencies among its components, with the result that further speech changes (such as formant values and breathiness) are induced. Third, speakers may make adjustments in articulation in order to convey phonemic contrasts. These three forces acting in concert--postural adjustments, physical linkages, and phonemic adjustments--determine the empirical covariation of speech parameters during vowel production.
To facilitate subject identification in this paper, they are called FA, FB, MA, and MB ( for the two females and the two males). For cross reference to other publications from the Massachusetts Eye and Ear Infirmary that include data from these subjects, they are S09, S 15, SI 1, and S08, respectively.
To obtain a signal from which a form of "open quotient" of the glottal vibration pattern could be derived, two electrodes of an eleetroglottograph (EGG--Kay Elemetrics, Inc. ) were placed on either side of the larynx and secured with an elastic band. However, a variable signal-to-noise ratio in the EGG signal prevented our obtaining very many valid measures of an EGG-based open quotient, especially from the female subjects. Therefore, open quotient is not discussed further here.
